As a result of effective combination antiretroviral therapy (cART), people living with human immunodeficiency virus (PLWH) are notably aging and consequently prone to develop age-related comorbidities. Chronic obstructive pulmonary disease (COPD), similar to other age-related comorbidities, is reported to occur earlier and more frequently in PLWH compared to the general population [1] [2] [3] [4] . In the developed world, including the Netherlands, human immunodeficiency virus (HIV) infection occurs predominantly among identifiable key populations, such as men who have sex with men (MSM) [5] . These key populations often exhibit a lifestyle that is associated with greater exposure to environmental and behavioral risk factors such as active and passive smoking and illicit drug use [6] [7] [8] . Thus, lifestyle-comparable control groups are essential when evaluating incidence, prevalence, and HIV-related causes of morbidity in PLWH. This is especially relevant for conditions highly correlated with risk behaviors, as is the case with COPD development and smoking exposure.
The aim of this study was to evaluate the prevalence of obstructive lung disease in a group of middle-aged, mostly virologically suppressed, PLWH compared to an appropriately selected HIV-uninfected control group with similar lifestyles.
Amsterdam Cohort Studies on HIV/AIDS [9] . The recruitment method of the control group allowed for inclusion of a majority of MSM, comparable to the index group in geographic and sociodemographic background, and at risk for HIV infection. The inclusion criteria were being at least 45 years of age, and controls had a documented negative HIV antibody test at inclusion. Study enrollment was conducted between 2010 and 2012. Biennially, participants undergo a standardized screening program to diagnose age-related comorbidities, which includes an extensive questionnaire, multiple biometric measurements, and laboratory testing. More details about the study protocol have previously been published [10] . Detailed information on recent and historical HIV characteristics prior to study entry was obtained from the Dutch HIV Monitoring Foundation registry. Written informed consent was obtained from all participants, and the study was approved by the ethical review board of the Amsterdam University Medical Centers and registered at ClinicalTrials.gov (identifier NCT01466582).
Information on demographics and risk behavior was obtained via questionnaires, including a detailed history of current and past smoking behavior. At each study visit, a spirometry measurement without bronchodilation was performed by trained nurses according to European Respiratory Society/ American Thoracic Society (ATS) criteria [11] using a SpiroUSB (Carefusion) spirometer. Forced expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC) were determined in a minimum of 3 up to a maximum of 6 efforts. Afterward, an (unforced) expiratory vital capacity (EVC) was measured in 3-6 separate efforts.
Data Quality
Highest FEV 1 and FVC values were selected only from ATS qualifying efforts, of which there needed to be at least 1. If the spirometry measurement did not meet quality control criteria, indices from a follow-up visit were used when available (n = 56, Supplementary Figure 1 ). Missing covariate data were supplemented with data from follow-up visits (maximum of 42 cases per variable) or imputed using a mean or median value of the overall cohort (maximum of 35 cases per variable). Participants without any data on smoking behavior were excluded from the analysis (n = 48).
Definitions
The threshold for obstructive lung disease was set at an FEV 1 / FVC ratio <70%, following the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria [12] to allow for comparability with previous studies. An alternative threshold for obstructive lung disease was set at a z score of the FEV 1 /FVC ratio < -1.64 (ie, lower limit of normal) using the Global Lung Initiative's (GLI) spirometry reference calculations and criteria [13] . These reference calculations were also used to calculate the percentage of the per-individual predicted FEV 1 and FVC values, based on participants' sex, age, height, and ethnicity. Severity of airway obstruction (FEV 1 /FVC <70%) was classified using the GOLD guidelines into GOLD 1 through 4, FEV 1 % predicted being ≥80%, <80%, <50%, and <30%, respectively. Cumulative smoking pack-years was defined as the product of the duration of smoking career in years and the average number of cigarettes smoked daily (20 cigarettes = 1 pack).
Laboratory Measurements
Levels of a panel of inflammatory markers were determined centrally at the Amsterdam UMC (location AMC) research laboratories; high-sensitivity C-reactive protein and D-dimer were determined in fresh plasma samples using immunoturbidimetry. Interleukin 6 (IL-6), soluble CD14, and soluble CD163 were determined by enzyme-linked immunosorbent assay using stored plasma samples from the baseline visit [14] . Regular HIV treatment-related laboratory markers (eg, lymphocyte phenotyping) were determined directly in samples collected during the study visits or, only with HIV-infected participants, <3 months prior to the study visits during routine clinic visits.
Statistical Analysis
Statistical analyses were performed using Stata software version 12 (StataCorp, College Station, Texas). All tests were 2-sided and P < .05 was considered statistically significant. Baseline characteristics were compared using Student t tests, χ 2 tests, Mann-Whitney U tests, or nonparametric tests for trend, where appropriate. Multivariable logistic regression was used to evaluate the association between obstructive lung disease and HIV, while adjusting for confounding factors. Possible confounding variables were selected via univariable logistic regression analyses. Variables associated with obstructive lung disease at P < .2 in univariable analyses and considered a biologically plausible confounder were included in the multivariable models. In case continuous covariates were associated with obstructive lung disease, this association was evaluated for linearity by categorizing the variable into quintiles and evaluating the association with obstructive lung disease per quintile. When the association was determined to be nonlinear, these variables were appropriately transformed, categorized, or dichotomized. A manual stepwise backwards variable selection process was used to generate the most parsimonious multivariable models. All biologically plausible interaction effects were evaluated. To clarify the results of the primary analysis, exploratory analyses were performed using the FEV 1 , FVC, and EVC spirometry indices as separate continuous outcome variables in multiple linear regression models, to evaluate their associations with HIV infection, and also their relation to smoking history. Where possible, these indices were transformed to z scores using the GLI reference calculations to reduce the number of confounding variables in the models and to allow for a comparison with the general population. Associations between the spirometry indices and historical HIV characteristics and chronic inflammation markers were also explored.
Sensitivity Analyses
To verify the robustness of our results, several sensitivity analyses were performed. These included an analysis of spirometry measurements restricted to those with at least 3 ATS qualifying efforts (72% of spirometry measurements), and also analyses using the lower limit of normal (z score < -1.64) of the FEV 1 / FVC ratio and the GOLD class 2 (FEV 1 /FVC <70% and FEV 1 <80% predicted) as alternative outcome measures.
RESULTS

Characteristics of Study Participants
Spirometry measurements from 544 HIV-infected and 529 HIVuninfected controls were available for analysis, representing 91% and 95% of the AGE h IV participants in the 2 study arms, respectively (Supplementary Figure 1) . HIV-infected participants were more often male (89% vs 85%), MSM (77% vs 70%), of nonwhite ethnicity (12% vs 6%), and unfit for work (23% vs 7%), and had a significantly lower average body mass index (BMI; 24.6 vs 25.2 kg/ m 2 ) ( Table 1) . HIV-uninfected participants more often had a higher educational level (56% vs 42%) and were more frequently employed or self-employed (71% vs 53%). Smoking behavior also significantly differed between groups, with HIV-infected participants more often being current smokers (34% vs 25%), having on average more pack-years (18 vs 15), and had more recently quit smoking when cessation was achieved (10 vs 14 years since cessation). HIV-infected participants, however, had lower levels of alcohol use, being less often a daily drinker (32% vs 37%), a heavy daily drinker (4% vs 7%), or a binge drinker (21% vs 31%). Other recreational drug use only differed regarding former injection drug use (4% HIV infected vs 1% HIV uninfected) and less daily to monthly MDMA (3,4-methylenedioxymethamphetamine) use (4% HIV infected vs 9% HIV uninfected). HIV-infected participants also had less sexual risk behavior with a lower median number of partners in their lifetime (53 vs 100) and in the 6 months before study enrollment (1 vs 3).
The majority of HIV-infected participants (95.8%) were on cART at the time of the spirometry measurement, with 92.1% being virologically suppressed and having high CD4 counts (median 565 cells/µL). The HIV-infected participants were known to be HIV infected for a median of 12 years, with a median CD4 count nadir of 180 cells/µL, 31% having previously been diagnosed with a Centers for Disease Control and Prevention category C AIDS-defining illness and 9% with a history of Pneumocystis jirovecii pneumonia (PCP); prior pulmonary tuberculosis was rare (1.7%).
Prevalence of Obstructive Lung Disease
Using GOLD criteria, prevalence of obstructive lung disease was 23.0% in the HIV-infected group and 23.4% in the HIV-uninfected group (Figure 1) . Using GLI criteria, prevalence was 14.0% and 15.6%, respectively. Neither difference was statistically significant (P = .9 and P = .5, respectively). Subdivision based on disease severity using the GOLD disease severity classifications [12] also failed to show a significant difference (P = .9 for nonparametric test for trend; Figure 1 ). There was, however, a trend toward more GOLD class 2 or greater spirometry patterns in the HIV-infected group (P = .09, χ 2 test). Table 2 shows multivariable models including adjustment for demographic and behavioral factors in the probability of having obstructive lung disease (FEV 1 /FVC <70%). HIV status and number of pack-years strongly interacted with each other (P < .001): for those reporting zero pack-years, HIV was significantly associated with a lower probability of obstructive lung disease (odds ratio, 0.35; 95% confidence interval [CI], .21-.58; P < .001). This negative association between HIV and obstructive lung disease diminished with an increasing number of pack-years, and was (nonsignificantly) reversed from around 25 pack-years ( Figure 2 ; P interaction = .006). Age, height, and BMI were significantly associated with obstructive lung disease, but did not modify the effect of HIV (Table 2 , model 2). The interaction term of smoking cessation years with pack-years was significant and showed an attenuation of the smoking effect when having quit smoking for longer periods. Sensitivity analyses using the obstructive lung disease definition by GLI or using a GOLD ≥2 definition as outcome measures yielded similar results (data not shown). Also in an analysis restricted to participants with at least 3 ATS qualifying efforts, the lower probability of obstructive lung disease in those HIV-infected participants with limited smoking experience remained significant. Table 3 shows a 2 times higher prevalence of obstructive lung disease (21% vs 9%; P = .001) in the never-smoking HIVuninfected participants compared with HIV-infected never-smoking participants, and a 5 times higher prevalence of obstructive lung disease (15% vs 3%, P < .001) when using GLI criteria. Within this subgroup, FVC and EVC were significantly lower in the HIV-infected participants (P = .02 and P <.001, respectively), whereas FEV 1 was not significantly different. The percentage of the predicted FVC was also not significantly lower in the HIV-infected never-smoking subgroup compared with the never-smoking HIV-uninfected subgroup. Figure 3 shows the predicted z scores of FEV 1 , FVC, the FEV 1 /FVC ratio, and the absolute EVC by HIV status and pack-years of smoking, using multivariable linear regression to adjust for confounding variables. FEV 1 z score levels and their declines with increasing pack-years were similar in HIV-infected and -uninfected participants. The interaction effect of pack-years smoking with HIV on the FEV 1 /FVC ratio z score appeared therefore primarily driven by differences in FVC. The HIVinfected participants had an on average lower FVC z score at 0 pack-years (-0.169; 95% CI, -.321 to -.018; P = .028), which remained relatively unaffected by an increasing numbers of pack-years smoking, in contrast to the decline in FVC observed with increasing numbers of pack-years in the HIV-uninfected participants. The interaction term "HIV × pack-years" was, however, nonsignificant (0.005; 95% CI, -.001 to .11; P .14).
Adjustment for Potential Confounders
Lower Vital Capacity in HIV-Infected Participants
Similarly the EVC, which also measures the vital capacity, was lower among never-smoking HIV-infected participants compared with never-smoking HIV-uninfected participants (-228 mL; 95% CI, -330 mL to -127 mL; P < .001). This difference also appeared to be relatively unaffected by an increasing number of pack-years smoking in the HIV-infected participants (interaction term "HIV-status × pack-years": 0.003; 95% CI, -.001 to .007; P = .22). Considering that the interaction terms of HIV with both FVC and with EVC were not statistically significant in these models, it appears the FVC was on average lower in the HIV-infected compared to the HIVuninfected participants regardless of their smoking history.
HIV-Related Characteristics, Markers of Chronic Inflammation, and Lung
Function
In further exploratory analyses, we evaluated associations of HIVrelated characteristics and chronic inflammation with the z scores of FEV 1 /FVC, FEV 1 , and FVC (Table 4) . A prior AIDS-defining diagnosis (pulmonary and/or nonpulmonary) was associated with having both a lower FEV 1 and FVC and, specifically in the case of prior pulmonary AIDS, resulted in a lower FEV 1 /FVC ratio. Prior didanosine use was associated with a lower FEV 1 /FVC ratio, primarily mediated by being associated with a higher FVC. Of the immunological markers in the HIV-infected participants, the strongest association was observed between higher levels of IL-6 with a lower FVC z score.
DISCUSSION
We show a strong interaction between HIV status and pack-years smoking concerning the probability of having spirometry-defined obstructive lung disease, with a 2-5 times lower prevalence of spirometry-defined obstructive lung disease among HIV-infected participants compared to HIV-uninfected participants with limited smoking exposure. It is highly unlikely for this to be explained by an actual beneficial effect of HIV, since multiple studies have shown a remarkably high prevalence of chronic pulmonary disease in PLWH, also among never-smokers [15] . For example, in a subgroup analysis of never-smokers in a study using computed tomographic (CT) scan-based criteria to diagnose obstructive lung disease in PLWH, 15.5% had emphysematous changes [16] . PLWH also report higher levels of respiratory symptoms compared with HIV-uninfected people [17, 18] . Furthermore, several HIV characteristics such as a low current CD4 count [19] [20] [21] , low CD4 nadir [22] , high viral load [20, 23] , prior pulmonary infections [24, 25] , and parameters of chronic inflammation [22, 26] have each been associated with a higher occurrence of obstructive lung disease. Moreover, the higher FEV 1 /FVC ratio was not related to a higher FEV 1 -which would truly support an advantageous effect-but with a lower FVC in the HIV-infected participants.
Lower Vital Capacity in PLWH
The lower FVC and EVC with a rather preserved FEV 1 in HIV-infected participants may suggest the presence of restrictive lung disease. Unfortunately, total lung capacity (TLC), the gold standard for restrictive lung disease, was not measured. Several studies have reported similar results. HIVinfected African (never-smoking) children had a lower FVC compared with HIV-uninfected children, unrelated to their . Predicted probability with 95% confidence interval of obstructive lung disease by number of pack-years smoking, stratified by human immunodeficiency virus (HIV) status. Predicted probability was calculated using model 2 in Table 2 .
Other covariates in the multivariable model were kept constant at their mean values in the overall study population. Number of pack-years was back-calculated from the transformed pack-years .
higher frequency of pulmonary coinfections including tuberculosis [27] . Results from studies using CT scans as diagnostic tool report not only emphysematous but also fibrotic changes, where emphysema was correlated with smoking history, but fibrosis was associated with HIV indices such as viral load [28, 29] . Furthermore, long-term HIV infection has been strongly associated with a lower diffusion capacity (DCLO) [30] [31] [32] . One study found a low DCLO to be associated with a lower FVC in never-smokers, but with a lower FEV 1 in smokers [32] . Within a multicohort study, spirometry-defined restrictive lung disease prevalence was reported to be as high as 10% among PLWH; however, these results were also not verified by TLC measurements [24] . In our study, prior pulmonary and nonpulmonary AIDS diagnoses were associated with both a lower FEV 1 and FVC. Didanosine use was associated with a higher FVC; this unexpected finding could be the result of a survival bias or a chance finding in the context of multiple testing. In summary, these findings all suggest HIV-specific effects on pulmonary function measured by spirometry.
Morris et al [25] similarly showed long-lasting declines in pulmonary function following HIV-associated pulmonary infections. FEV 1 , FVC, and the FEV 1 /FVC ratio all declined and did not recover, most significantly after episodes of PCP. This study also included TLC measurements, the gold standard for diagnosing restrictive lung disease. TLC did not decline after PCP-disputing the theory of permanent fibrotic changes and leaving an enhanced residual volume as explanation for the decrease in vital capacity, probably as an expression of small airways disease. The main difference with our study is that the FEV 1 remains constant, which is highly unlikely in small airway disease. This illustrates the need for caution when using spirometry to detect restrictive changes. FVC and EVC are biased in many ways including the effort and strength of the test subject, which results in a <60% positive predictive value for spirometry to diagnose restrictive lung disease [33] . HIV infection has been associated with the early development of sarcopenia [34, 35] , which might also affect the strength and function of respiratory muscles, thus contributing to a lower average measured FVC and higher FEV 1 /FVC ratio. Since we did not inquire about respiratory symptoms or 0 10 20 P ∆ at 0 pack-years .9 P interaction .7 P ∆ at 0 pack-years <.001 P interaction .001 P ∆ at 0 pack-years <.001 P interaction .23 Table 1 , univariable analyses were performed to assess their association with all of the 4 outcome variables (Supplementary Table 2 ). Variables associated with a P value < .2 were subsequently included in multivariable models to generate the adjusted mean values shown in this figure. A stepwise backward variable selection process was used to generate the most parsimonious models. The mean outcome values were adjusted for the following covariates in the final models, which were fixed at their mean values in the overall study population: Mean z score use other tools to measure pulmonary function, determining the clinical significance of these findings as well as their long-term consequences requires further studies.
Living With HIV and Being a Heavy Smoker
The effect of HIV on the FEV 1 /FVC ratio was attenuated with increasing pack-years of smoking; there was a lower FEV 1 /FVC ratio in the heavy-smoking HIV-infected participants compared with HIV-uninfected participants with similar smoking exposure. However, this difference did not result in a higher prevalence of obstructive lung disease and seemed to be resulting from a preserved FVC instead of a lower FEV 1 . Follow-up of these heavy-smoking participants over the coming years may further clarify these results. 
Strengths and Limitations
Our results were strongly influenced by the very high prevalence of obstructive lung disease (21%) in the HIV-uninfected never-smoking control group, being >3 times higher compared to similarly aged never-smokers in a Dutch general population study [36] and also demonstrable by the negative mean FEV 1 and FEV 1 /FVC z scores. Tobacco smoking (active or passive) is the primary risk factor for COPD in the Netherlands, with generally limited occupational hazards or exposure to other indoor toxic fumes. In the recruitment of our control group, we successfully included a majority of MSM comparable to our HIVinfected participants and reflective of the HIV epidemic in the Netherlands. These mostly urban citizens without children are not comparable to the general population, which was the reason for their selection. Their lifestyle may have involved more going out in clubs or bars, reflected in their common alcohol and recreational drug use and the high number of sexual partners. This would likely have resulted in a significant amount of passive smoking exposure, as smoking was ubiquitous in bars and clubs in the Netherlands until 2008, when new regulations were put in place. The strength of our cohort is its ability to account for bias from difficult-to-measure confounders such as secondhand smoking using lifestyle-comparable control subjects. However, as we did not measure these exposures, we cannot exclude the possibility of sampling bias and recruitment of HIV-uninfected MSM with heavy secondhand smoke exposure, especially since recent alcohol use and sexual risk behavior were higher in the HIV-uninfected study group. A further limitation of this study was the possibility of measurement bias due to the spirometry being performed at 2 study sites for the 2 respective study groups. However, equipment was identical and study nurse training was repeatedly synchronized to ensure comparable measurements across study sites. Furthermore, we were unable to distinguish between COPD and asthma as postbronchodilator spirometry was not performed. As these 2 conditions have a very different underlying pathogenesis, they could also be differently affected by HIV. Although very few participants reported ever having been diagnosed with a form of obstructive pulmonary disease, we cannot exclude the possibility of preexisting asthma or any form of HIV-associated asthma to be influencing our results.
CONCLUSIONS
Chronic pulmonary disease in PLWH in the context of adequate antiretroviral treatment is likely to be diverse and multifactorial in origin. PLWH, similar to their lifestyle-comparable peers, are at high risk of obstructive lung disease due to their behavioral and social background, extending beyond measurable traditional risk factors such as personal smoking histories. This study shows that HIV might influence pulmonary function differently compared to traditional risk factors such as smoking. It could shed light on a repeatedly reported discrepancy between higher levels of respiratory symptoms in studies comparing people with and without HIV infection, but normal spirometry findings [17, 18, 37] . HIV might inflict a more fibrotic or restrictive rather than obstructive pulmonary dysfunction pattern, which could be masked by the effects of heavy smoking. Longitudinal analyses will have to evaluate if these changes should be considered as stabilized scars from prior uncontrolled HIV or associated pulmonary infections, or as part of an ongoing process during suppressed HIV infection, in the context of chronic inflammation. Clinicians should therefore be cautious in using spirometry as a sole diagnostic tool, and consider measuring total lung and diffusion capacity and/or CT imaging to appropriately diagnose a potential mixed pattern of pulmonary conditions in PLWH.
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